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Abstract: The use of lipid nanoparticles as drug delivery systems has been growing over recent
decades. Their biodegradable and biocompatible profile, capacity to prevent chemical degradation
of loaded drugs/actives and controlled release for several administration routes are some of their
advantages. Lipid nanoparticles are of particular interest for the loading of lipophilic compounds,
as happens with essential oils. Several interesting properties, e.g., anti-microbial, antitumoral and
antioxidant activities, are attributed to carvacrol, a monoterpenoid phenol present in the composition
of essential oils of several species, including Origanum vulgare, Thymus vulgaris, Nigella sativa and
Origanum majorana. As these essential oils have been proposed as the liquid lipid in the composition
of nanostructured lipid carriers (NLCs), we aimed at evaluating the influence of carvacrol on the
crystallinity profile of solid lipids commonly in use in the production of NLCs. Different ratios of
solid lipid (stearic acid, beeswax or carnauba wax) and carvacrol were prepared, which were then
subjected to thermal treatment to mimic the production of NLCs. The obtained binary mixtures
were then characterized by thermogravimetry (TG), differential scanning calorimetry (DSC), small
angle X-ray scattering (SAXS) and polarized light microscopy (PLM). The increased concentration of
monoterpenoid in the mixtures resulted in an increase in the mass loss recorded by TG, together with
a shift of the melting point recorded by DSC to lower temperatures, and the decrease in the enthalpy
in comparison to the bulk solid lipids. The miscibility of carvacrol with the melted solid lipids was
also confirmed by DSC in the tested concentration range. The increase in carvacrol content in the
mixtures resulted in a decrease in the crystallinity of the solid bulks, as shown by SAXS and PLM.
The decrease in the crystallinity of lipid matrices is postulated as an advantage to increase the loading
capacity of these carriers. Carvacrol may thus be further exploited as liquid lipid in the composition
of green NLCs for a range of pharmaceutical applications.
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1. Introduction
Carvacrol (or cymophenol) is chemically known as 5-isopropyl-2-methylphenol and is obtained
from a range of aromatic plants such as oregano (Origanum vulgare L.), marjoram (Origanum majorana
L.), black cumin (Nigella sativa L.) or thyme (Thymus vulgaris L.) [1,2]. Pharmacological properties,
such as antioxidant [3,4], anti-inflammatory [5], analgesic [6], antitumor [7], antimicrobial [8] and
antiprotozoal activities [9–11], have been attributed to this phenolic monoterpene. Its use in clinical
settings is, however, compromised by its lipophilic character, resulting in low aqueous solubility, risk
of oxidation and also high volatility [1]. The loading of carvacrol in lipid nanoparticles may be a
promising strategy to reduce its volatility and improve its loading and bioavailability [12]. Only a
limited number of studies have reported the loading of carvacrol into nanoparticles [13,14], while none
has yet reported the use of nanostructured lipid carriers (NLCs) for this purpose.
It has already been demonstrated that lipid mixtures have a great impact on the chemical stability
of volatile compounds [15–18]. Among lipid nanoparticles, NLCs are attractive colloidal carriers as
they consist of nanosized particles based on a blend of solid and liquid lipids dispersed in an aqueous
surfactant solution [19–22]. The combined ratio between solid and liquid lipid should ensure that
the produced lipid matrix melts above 40 ◦C [20,23]. Besides being biodegradable, biocompatible
and of low toxicity, the major advantages of NLCs include their green nature, capacity for protecting
loaded drugs/actives from chemical degradation and the provision of a controlled release of the
payload [19,24–29]. Due to their nanostructured matrix, obtained by disrupting the crystal packing of
the solid lipid by mixing it with a liquid lipid, NLCs may also offer a triggered release [30]. The degrees
of crystallization and polymorphism of the NLC matrices are strongly dependent on the ratio between
the solid and liquid lipids [31]. A low degree of crystallinity of the matrix is usually associated with a
higher payload. The use of lipid mixtures that crystallize in a less organized matrix is linked to higher
loading capacity of the nanocarriers.
Several lipids excipients can be used for the production of NLCs, among which fatty acids
(e.g., palmitic acid, stearic acid), fatty alcohols, mono-, di- and triglycerides, vegetable oils and waxes
(e.g., carnauba wax, beeswax, cetyl palmitate) are the most frequently used [32–34]. In pharmaceutical
products, the employment of natural lipids is desirable [35].
Stearic acid is a saturated 18-carbon chain fatty acid that melts around 69 ◦C and is obtained from
both animal and vegetal sources. It shows higher in vivo tolerability and less toxicity than fats from
synthetic origin [36,37]. Beeswax is a natural fatty material with a melting point ranging between 61
◦C and 67 ◦C, obtained from the combs of bees (Apis mellifera) [38,39]. Carnauba wax is a plant exudate
from the Brazilian “tree of life” (Copernicia cerifera), composed almost entirely of wax acid esters of C24
and C28 carboxylic acids and saturated long-chain mono-functional alcohols, that melts around 82 ◦C,
thus showing high crystallinity [40]. Stearic acid, beeswax and carnauba wax have been selected as
they are considered non-toxic and “generally recognized as safe” (GRAS) by the US Food and Drug
Administration (FDA). The use of these three fats in the production of drug delivery systems has also
been previously described [41,42].
Since the majority of methods used for the production of NLCs require heating, the volatility of
carvacrol may compromise the loading capacity and encapsulation efficiency of the particles for the
monoterpene. The liquid status of carvacrol may also affect the structure of the lipid matrix. The aim
of this study was to evaluate the effect of carvacrol and its concentration on the crystallinity profile
of lipid mixtures commonly used for the production of NLCs. Such lipid screening is commonly
recommended prior to the development of NLCs, for the selection of the best lipid/lipid combination to
achieve high payloads. Thermogravimetry (TG), differential scanning calorimetry (DSC), small-angle
X-ray scattering (SAXS) and polarized light microscopy (PLM) were used for the physicochemical
characterization of the lipid mixtures.
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2. Material and Methods
2.1. Materials
Beeswax and carnauba wax were purchased from GM Ceras (São Paulo, Brazil). Stearic acid
was obtained from Dinâmica® (Diadema, São Paulo, Brazil). Carvacrol (5-isopropyl-2-methylphenol,
CAS Number 499-75-2) was purchased from Sigma-Aldrich® (St. Louis, MO, USA).
2.2. Preparation of the Binary Mixtures
Prior to the preparation of the binary mixture, the selected solid lipids, stearic acid (SA), beeswax
(BW) and carnauba wax (CW), were first heated above their melting points, i.e., 58 ◦C, 63 ◦C and 82
◦C, respectively, followed by cooling down to allow them to recrystallize [43]. To prepare the binary
mixtures containing 10%, 25% and 50% of carvacrol, the solid lipids (SA, BW, CW) and carvacrol were
melted at a temperature of 85 ◦C, were mechanically mixed for 5 minutes and then cooled down under
continuous stirring until solidification. Composition of the binary mixtures is depicted in Table 1.
The freshly prepared mixtures were then characterized.
Table 1. Composition of the binary mixtures (%, m/m).
Samples Carvacrol (mg) Stearic Acid (mg) Beeswax (mg) Carnauba Wax (mg)
SA 10% 0.10 0.90 — —
SA 25% 0.25 0.75 — —
SA 50% 0.50 0.50 — —
BW 10% 0.10 — 0.90 —
BW 25% 0.25 — 0.75 —
BW 50% 0.50 — 0.50 —
CW 10% 0.10 — — 0.90
CW 25% 0.25 — — 0.75
CW 50% 0.50 — — 0.50
2.3. Thermogravimetric (TG) Analysis
Thermogravimetric (TG) analysis was performed to evaluate the mass loss under heating, which
was recorded in a Q50 TG (TA Instruments, New Castle, Delaware, USA). Samples of approximately
10 mg were heated up from 25 ◦C to 600 ◦C, applying a heating rate of 10 ◦C/min, under a dynamic
argon atmosphere (50 mL/min) in platinum crucibles.
2.4. Differential Scanning Calorimetry (DSC) Analysis
Differential scanning calorimetry (DSC) analysis was performed to record the melting events
and calculate the melting enthalpy using a DSC Q20 (TA Instruments, New Castle, Delaware, USA).
Samples of approximately 3 mg were heated up from 25 ◦C to 100 ◦C, under a heating rate of 10 ◦C/min
and dynamic argon atmosphere (50 mL/min) in aluminum crucibles.
2.5. Small-Angle X-ray Scattering (SAXS) Analysis
Small-angle X-ray scattering (SAXS) analysis was carried out to evaluate the polymorphism
of the lipid mixtures. Diffractograms were obtained on the D1B-SAXS1 beamline at the Brazilian
Synchrotron Light Laboratory (LNLS, Campinas, Brazil). Measurements were performed at room
temperature, using a silicon-W/B4C toroidal multilayer mirror, collimated by a set of slits defining a
pinhole geometry, at a wavelength of k = 1.499 Å and detected on a Pilatus 300 k detector (Dectris
Ltd., Baden-Dättwil, Switzerland). The sample-to-detector distance was 814 mm, covering a scattering
vector “q” (q = (4π/λ)sinθ) and ranging from 0.1 to 4.0 nm, where 2θ is the scattering angle. A standard
silver behenate powder was measured to calibrate the sample-to-detector distance, detector tilt and
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direct beam position (at room temperature). From the total scattering intensity, the parasitic scattering
produced was subtracted.
2.6. Polarized Light Microscopy (PLM) Analysis
The melted SA, BW, CW and their mixtures with carvacrol (Table 1) were examined under
polarizing light with an Olympus model BX-51 microscope (Tokyo, Japan), coupled to a digital LC
Color Evolution (PL-A662) camera. The software PixeLINK (Gloucester, Ontario, Canada) was used
for recording the images. Briefly, the samples were heated above the melting point, placed between
two glass plates and allowed to recrystallize by cooling down to room temperature. They were then
analyzed under PLM at room temperature (25 ◦C). All samples were checked using 20×magnification.
3. Results and Discussion
For the development of stable NLC formulations, the evaluation of the degree of crystallinity
and polymorphism of the lipid matrices is instrumental to ensure that the matrix remains in the solid
state at room temperature. Besides, it is possible to predict polymorphic changes and the degree of
miscibility between the solid lipid and the liquid lipid during recrystallization [35,44].
As for the NLC production, the methods usually require heating and the volatility of carvacrol
compromises the success of its loading in the lipid matrices. TG analysis can be useful to determine
the mass change after the tempering process. Figure 1 shows the mass change (%) of selected solid
lipids (SA, BW and CW) and their respective binary mixtures containing 10, 25 and 50% of carvacrol,
as a function of temperature.
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Figure 1. Thermogravimetric curves of the stearic acid (SA, upper left), beeswax (BW, upper right) and
carnauba wax (CW, bottom) in comparison to their binary mixtures containing 10%, 25% and 50% of
carvacrol (see Table 1 for composition).
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Two mass loss events were identified in the differential thermogravimetric (DTG) curve of stearic
acid (SA, Figure 1), the first being within the temperature range of 161 and 306 ◦C (∆m1 = 79.63%
Tpeak DTG ~ 267 ◦C), which is typical of the SA decomposition, and the second within the range
of 306 and 410 ◦C, attributed to the elimination of carbonaceous material [45,46]. The TG curves of
beeswax (Figure 1, upper right) and carnauba wax (Figure 1, bottom) depict only one mass loss event
within the temperature range of 180–480 ◦C (∆m1 = 99.5% Tpeak DTG ~ 396.7 ◦C) and 250–500 ◦C
(∆m1 = 98.5% Tpeak DTG ~ 426.1 ◦C), respectively. The analysis of the binary mixtures shows the
detection of carvacrol during the progressive mass loss with the increasing concentration of the oil and
over the course of the experiment. It was interesting to see that the first mass loss event observed for
all samples was within the range of the percentage of carvacrol (10%, 25% and 50%) in each of the
binary mixtures (Table 2).
Table 2. Thermogravimetric data recorded for the first mass loss of the solid lipids (SA, BW and CW)
containing 10%, 25% and 50% of carvacrol (see Table 1 for composition).










Despite the volatility of the monoterpene [47], the results shown in Figure 1 demonstrate that
when mixing carvacrol with the three solid lipids in the selected ratios, no mass change was recorded
within the range of temperatures below 100 ◦C. This result assures the possibility of producing NLCs
for the loading of carvacrol, since the production methods do not make use of temperatures above
100 ◦C. Carvacrol is an oil at room temperature (melting point of 1 ◦C, boiling point of 237.7 ◦C).
No chemical degradation of carvacrol is thus anticipated from the thermal stress during the production
of the melted mixtures.
DSC analysis provided information about the physical state of the melted lipids and their mixtures
with carvacrol, degree of crystallinity, melting temperatures and respective enthalpies [48]. Figure 2
shows the DSC curves for the selected solid lipids (SA, BW and CW) and their binary mixtures
containing 10%, 25% and 50% of carvacrol.
As seen in Figure 2 (left panel), SA showed an endothermic event between 40 ◦C and 65 ◦C (with
the Tpeak ~ 57 ◦C), which is related to the melting point of the solid lipid [45,46]. The melting point
of beeswax was recorded at Tpeak ~ 63 ◦C (middle panel) and that of carnauba wax was recorded at
Tpeak ~ 82 ◦C (right panel). The adding of monoterpene to the bulk lipids resulted in a slight shift
down to lower temperatures, i.e., from 57 ◦C down to 56.34 ◦C, 54.9 ◦C and 50.2 ◦C, for stearic acid
with 10%, 25% and 50% of carvacrol, respectively (Figure 2, left). Shifts in the melting points were
also recorded for BW down to 61.4 ◦C, 58.5 ◦C and 50.9 ◦C, and for CW down to 81.36 ◦C, 77.3 ◦C and
72.9 ◦C, when added with 10%, 25% and 50% carvacrol, respectively.
The decrease in the enthalpy, which is the amount of heat involved in thermal events, was compared
among the three solid lipids when increasing the concentration of carvacrol (Figure 3). When compared
to pure solid lipids, the increase in the carvacrol content (10%, 25% and 50%) induced a decrease in the
endothermic events related to melting and therefore the related enthalpy. Severino et al. studied the
influence of the loading of capric/caprylic triglyceride mixtures (liquid lipid) in stearic acid matrices [37],
demonstrating that the increase in melting enthalpy and crystallization was inversely proportional to
the amount of oil in the formulation. A decrease in the crystallinity and melting enthalpy was observed,
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which translates a higher disorder of the lipid lattice [37]. Similar results were described when mixing
theobroma oil and beeswax, contributing to the nanostructuring of the lipid matrix towards a greater
disorder [35]. A less ordered matrix favors a higher loading capacity for active ingredients due to
the increased number of voids and vacancies able to accommodate a higher number of molecules in
the structure of the lattice. Due to the liquid character of carvacrol, its presence is likely to delay the
complete crystalline rearrangement of the solid lipids.Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 14 
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Figure 2. Differential scanning calorimetry curves of the stearic acid (left, SA), beeswax (middle, BW)
and carnauba wax (right, CW), in comparison to their binary mixtures containing 10 , 25 and 50 of
carvacrol (see Table 1 for composition).
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A depression in the melting point of the bulk solid lipids was detected upon the increased addition
of carvacrol to all three solid lipids. The decrease in the melting peak (Tpeak), onset temperature,
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enthalpy and the increase in the width of the melting event (WME) of SA, BW and CW when 10%, 25%
and 50% of carvacrol was added to the solid lipids demonstrates that monoterpene is miscible in the
tested concentration range with the three solid lipids (Table 3). Kasongo et al. [44] has reported similar
results for the adding of Transcutol® HP up to 20% (w/w) to the solid lipid Precirol® ATO 5.
Table 3. Melting peak, onset temperature and width of the melting event of the bulk solid lipids and
their binary mixtures with carvacrol obtained by differential scanning calorimetry (see Table 1 for
composition).
Samples Melting Peak (◦C) Onset (◦C) Width of Melting Event 1 (◦C)
Bulk SA 57.0 37.0 28.0
SA 10% 56.5 36.0 29.0
SA 25% 54.9 34.3 30.0
SA 50% 50.2 34.0 30.0
Bulk BW 63.0 55.8 32.6
BW 10% 61.4 50.0 32.7
BW 25% 58.5 48.1 32.7
BW 50% 50.9 48.0 24.5
Bulk CW 82.0 39.5 35.5
CW 10% 81.4 38.6 36.5
CW 25% 77.3 38.2 37.1
CW 50% 72.9 36.2 39.2
1 WME, width of the melting event, i.e., difference between endset and onset temperatures.
The same samples were also analyzed by SAXS, for the recording of the polymorphic changes of
the bulk solid lipid with the addition of 10%, 25% and 50% of carvacrol (Figure 4).
Bulk SA showed five peaks at q (nm−1) of 1.27, 1.53, 2.25, 3.06 and 3.84, which are typical of highly
ordered materials (Figure 4, upper left). Both waxes (BW and CW) exhibited peaks with a periodicity,
typical of lamellar structures (1:2:3:4 . . . ) [49]. With the increasing concentration of carvacrol, some
peaks disappeared and/or had lower intensity of some of the solid lipid characteristic peaks, suggesting
that monoterpene decreased the structure ordering of the bulks, confirming the DSC results [43].
Attama et al. also reported a lamellar crystal arrangement for beeswax [35].
Figure 5 shows the lattice spacing “d” as a function of carvacrol concentration [50]. Lattice
spacing “d” was determined using the equation d = 2π/q. When increasing the concentration of
carvacrol, the bulk SA did not show any changes in the lattice spacing (which remained d ~ 4 nm).
For both waxes (BW and CW), the “d” value increased with the increase in monoterpene concentration.
Bragg’s equation (2d·sinθ = nλ) was used to determine the interlayer distance (d) in the lipid lattice,
where θ is the angle of diffraction, λ the wavelength and n the order of the crystalline plane [51].
When compared with the bulk lipid, the increase in the distance with the loading with a drug, anticipates
the assumption that the drug molecules are within the lipid lattice. As shown in the patterns of Figure 5,
the experimental lattice spacing of bulk stearic acid, beeswax and carnauba wax was, respectively,
4.15 nm, 7.25 nm and 8.50 nm. The mixing with increasing concentrations of carvacrol increased the
interlayer spacing of beeswax and carnauba wax, but not of stearic acid. This result anticipates the
assumption that both waxes would improve the loading capacity (LC) and encapsulation efficiency
(EE) of carvacrol in NLCs composed of one of those lipids. The higher the concentration of carvacrol in
the wax mixtures, the higher the lamellar spacing and thus the higher the LC and EE. According to
Alexandridis et al., the amount of interface (and lamellae) decreases with the increase in the “d” value
and, thus, increases the spacing between lamellae [50]. This result indicates that carvacrol is most likely
to be placed in between the solid lipid lamellae of both waxes, increasing the “d” value, thus promoting
a less ordered structure, which also confirms the DSC results. An amorphous polymorphic form
(α-form) is associated with a less ordered structure of the lipid core, thus also improving both LC and
EE [52].
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Figure 4. Scattering X-ray diffraction patterns I(q) as a function of scattering vector (q) for stearic acid
(SA, upper left), beeswax (BW, upper right), carnauba wax (CW, bottom) and their binary mixtures
containing 10%, 25% and 50% of carvacrol (see Table 1 for composition).
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Figure 5. Value of lattice spacing “d” measured by small-angle X-ray scattering of bulk solid lipids
(stearic acid, beeswax and carnauba wax) plotted as a function of carvacrol concentration (10%, 25%
and 50%).
The optical behavior of solid lipids and their mixtures with carvacrol was checked by PLM.
Materials can be classified either as anisotropic or as isotropic, depending on the effect that the material
causes under polarized light. In the characterization of s lid lipids, PLM can be us d to observe
micr structural changes [35].
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Figure 6 shows the optical micrographs recorded at room temperature of bulk lipids (SA, BW and
CW) and their binary mixtures with increased concentration of carvacrol (10%, 25% and 50%). The bulk
solid lipids showed highly ordered crystalline microstructures, as previously demonstrated by DSC
and SAXS analysis. SA exhibited a needle-shaped structure, while both waxes (BW and CW) clearly
showed a maltese cross symbol of lamellar structure, confirming the results recorded with SAXS [43].
The addition of 10%, 25% and 50% of carvacrol resulted in a decrease in the size and thickness of these
compared to the pure solid lipids (SA, BW and CW), suggesting a lower crystallinity. These results are
in agreement with Gaillard et al., who showed that the crystallinity degree of beeswax decreased with
an increase in the content of rosin [39].
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4. Conclusions
Due to the biological properties of carvacrol, this monoterpene has potential to be used as an
active ingredient in pharmaceutical formulations; its oily liquid character makes this compound a
suitable ingredient in formulating nanostructured lipid carriers (NLCs). Carvacrol was found to be
well mixed with melted stearic acid, beeswax and carnauba wax, while the binary mixtures resulted in
less ordered structures, which can be further exploited as drug delivery carriers. It is hypothesized
that lipid mixtures containing 10%, 25% and 50% w/w of carvacrol in the solid lipids (SA, BW, and CW)
can be used to obtain NLCs. Lower melting temperatures and enthalpy were recorded when adding
the monoterpene to the three bulk lipids (confirmed by DSC). SAXS and PLM analyses demonstrated
the presence of less ordered structures of the binary mixtures in comparison to the bulk counterparts.
These binary mixtures can thus be explored in the production of NLCs for drug delivery.
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